Ionic-liquid (IL) mixtures hold great promise, as they allow liquids with a wide range of properties to be formed by mixing two common components, rather than by synthesizing a large array of pure ILs with different chemical structures. In addition, these mixtures can exhibit a range of properties and structural organization that depend on their composition, which opens up new possibilities for the composition-dependent control of IL properties for particular applications. However, the fundamental properties, structure and dynamics of IL mixtures are currently poorly understood, which limits their more widespread application. This paper presents the first comprehensive investigation into the bulk and surface properties of IL mixtures formed from two commonly encountered ILs: 1-ethyl-3-methylimidazolium and 1-dodecyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Introduction
Ionic liquids (ILs) are molten salts that are liquid at relatively low temperatures. They are often defined as salts with melting temperatures below 100 °C, but a great many are liquid at room temperature and below. There has been much interest in ILs in recent years and their unusual combination of properties, such as very low vapor pressures, wide electrochemical windows, good thermal stabilities, and ability to dissolve a wide range of solutes, has led to their use in a range of areas. These include as reaction media for sustainable chemistry and catalysis; [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] in the electrochemical deposition of metals and semiconductors; 1, [11] [12] [13] [14] [15] [16] nanoscience; 17-23 biomass 3 downside of this flexibility is that there are a huge number of potential combinations of ions that will form ILs and it would be impossible to synthesize and test all of these for every application. Recent studies have shown that it is possible to generate a library of liquids with a range of properties by simply mixing two or more ILs. [33] [34] As such, IL mixtures offer the attractive prospect of being able to access a range of properties from a relatively small number of common ILs by mixing, rather than having to synthesize and store large numbers of different ILs. However, while significant progress has been made in recent years in our understanding of pure ILs, [35] [36] comparatively little is known about the fundamental properties of IL mixtures and how these relate to their composition.
The structure and dynamics of ILs, both in the bulk and at the gas-liquid interface, are critical to many of their applications. In the bulk, the amphiphilic nature of many IL ions results in nanosegregation of the liquid into polar and non-polar domains, 37 leading to the development of nanostructure that has been studied using a range of experimental and computational approaches. 35 Considerably less is known about the effects of mixing ILs on their nanostructure, or indeed their fundamental physical properties compared to pure ILs. Some reports of physicochemical investigations of IL mixtures have found that they exhibit properties that are quite well described by simple mixing laws, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] although this is somewhat surprising given that the chemical structures of some of the ions involved are significantly different. However, non-ideal behavior has also been observed in other studies (e.g. of conductivity, [40] [41] [54] [55] [56] density, 46, 50, [57] [58] [59] viscosity 48, 52, [60] [61] and phase behavior 62 ) and, interestingly, some IL mixtures that display ideal mixing behavior in some of their physical properties exhibit significantly non-ideal behavior in others. This has led to the suggestion that IL mixtures are best considered as 'double salt ionic liquids' (DSILs) 34 whose properties are defined by their ultimate ionic composition, rather than by the properties of the pure ILs from which they are derived.
In most cases the origins of non-ideal behavior in IL mixtures are not well understood, but factors such as size differences between the cations and/or the different hydrogen-bonding abilities of ions in a mixture have been proposed as important. 34, 48 As is so often the case with ILs, general explanations for these phenomena that apply to all of the diverse range of ILs that are known are unlikely to be found. Instead, detailed experimental and theoretical investigation of a range of 4 different types of IL mixtures is important to understand their behavior. 42, [63] [64] [65] [66] [67] [68] [69] [77] [78] [79] ILs. It is also well known that ILs can be used as solvents for the self-organization of non-ionic surfactants. [80] [81] What is currently unclear is the extent to which selforganization plays a role in the observed properties of IL mixtures containing ions that are more similar in their chemical structure. To the best of our knowledge there have been no reports of selforganization (i.e. aggregation/micelle formation) in binary IL mixtures (mixtures containing a common anion and two different cations or vice versa).
The structures of IL surfaces have also been studied in some detail and are of particular interest in applications where the gas-liquid interface is important e.g. CCS, multi-phase catalysis and gas separation. A range of approaches have been used to study IL surfaces and some general features and design rules are beginning to emerge, although there is still much to learn in this area. 36, [82] [83] [84] [85] [86] IL surface structure is influenced by variations of both the anion and cation and, within a series of ILs, increasing the alkyl chain length on the cation leads to a surface that is less polar and more saturated with alkyl chains. 87 Moving from large anions (e.g. [Tf 2 N] -) to smaller anions (e.g. [BF 4 ] -) for a given chain length increases the density of alkyl chains at the surface, due to more efficient packing of the ions. 83 However, there have been relatively few investigations into the surface structure of IL mixtures. 67, 84, [88] [89] Information of the surface structure can be obtained from indirect classical measurements such as surface tension measurements, which we do not consider further here. More direct experimental techniques used include angle-resolved X-ray photoelectron spectroscopy (ARXPS), 90 Rutherford backscattering spectroscopy (RBS), 86 , 91 low-energy ion scattering (LEIS) 82 and time-of-flight secondary ion mass spectrometry (ToF-SIMs), 86, 92 and the technique which we have pioneered and use here, reactive-atom scattering with laser-induced fluorescence detection (RAS-LIF). 83, [93] [94] They have also been investigated by MD simulations. [95] [96] There are large discrepancies in the degree of surface enrichment reported, ranging from stoichiometric surface 5 compositions (detected by ARXPS) 90 to the complete absence of some constituting ions at the surface (reported in an LEIS study). 82 It should be noted that these studies were concerned with different IL combinations, which might have distinct mixing behaviors. However, the same IL mixture investigated using two techniques (RBS and ToF-SIMs) showed different surface compositions. known to form a nano-segregated structure in the bulk and display significant surface ordering, interesting bulk and surface phenomena are observed. 87, [93] [94] This is the first time that many of these features have been reported, and that a unified discussion of both bulk and surface properties has been presented for binary IL mixtures. experiments, and MD simulations. The structure of the vacuum-liquid interface was investigated using reactive-atom scattering probed via laser-induced-fluorescence (RAS-LIF) and MD simulations.
As such, this is a most extensive characterization of bulk and surface properties of these mixtures.
Physical property measurements
The viscosity and conductivity of ILs are known to be quite sensitive to the nature of both the anion and cation. However, in previous work on IL mixtures, composition-dependent viscosities and 7 conductivities have often been found to be quite well described by simple mixing laws. In particular, 
as expected for ILs (see ESI for details). However, large deviations from ideal mixing behavior are also seen when using the Grunberg-Nissan mixing law (figure 3). Attempted fitting of the data to the Katti and Chaudhri mixing law showed similar behavior, as the molar volumes of mixtures in this system show only small deviations from ideal mixing behavior with changing composition (vide infra). onwards, being greatest at around 50 mol%. In the region where there is a significant difference between the observed and predicted conductivities, the mixtures have lower conductivities than expected from Grunberg-Nissan mixing behavior. This is consistent with the viscosity data, as conductivities are usually found to be approximately inversely proportional to viscosities in ILs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 molar volumes calculated from the density data are somewhat scattered (figure 4, red circles), probably because they represent very small differences and any small errors in the measured densities are magnified, and do not show a particularly clear trend across the composition range. However, there is a tendency for small, positive excess molar volumes in these mixtures. the ellipsoidal model fits the data quite well (see ESI for fits), although the fit is poorer at 24 mol%. This is potentially because an incipient PNPP at this composition changes the form of the scattering data without being obvious as a peak, due to the low q scattering that is present. The ellipsoidal model does not fit the data at x ≥ 0.32.
The Teubner-Strey model, which has the following form, can be used to fit the data across all compositions (see ESI).
122-123
where a, c 1 and c 2 are empirical fitting parameters that can be related to three quantities of interest by the following relationships:
The Teubner-Strey model is often used to describe systems that undergo a transition between discrete aggregates (or micelles) and a bicontinuous network as a function of composition (e.g. chains and the polar parts of the system (the cationic head groups, including alkyl carbon atoms connected directly to nitrogen and the anions) assessed using a group-contribution model described previously. [124] [125] [126] There is good agreement between the volume fractions used in the fitting model at typically for γ > 1 the system is regarded as disordered, aggregate/micelle formation is seen for 0 < γ < 1, bicontinuous structures are found where -1 < γ < 0 and lamellar structures are seen when γ < -1. 
Molecular dynamics simulations of the bulk
In order to better understand the bulk structure of this system and to aid interpretation of the SANS/SAXS data, molecular dynamics (MD) simulations were performed on [C 2 mim] 1- compositions studied in vitro. Condensed-phase MD simulations were carried out using the DLPOLY package. 127 All molecules were modeled using the CL&P atomistic force field, [128] [129] which is based on the OPLS-AA framework 130 but was to a large extent developed specifically for encompassing entire homologous series of ionic liquids. Due to the slow dynamics of this type of system, special care was taken to ensure the attainment of equilibrium conditions: (i) equilibrations started from initial low Page 15 of 45
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 density configurations, with ions placed randomly in periodic cubic boxes; (ii) typical equilibrations were implemented for more than 1 ns; (iii) multiple re-equilibrations through the use of temperature annealing and switching off and on of the Coulomb interactions were performed; (iv) further simulation runs were used to produce equilibrated systems at the studied temperatures. The equilibrated systems were used in production runs of at least 4 ns at 500 K (see ESI for details).The simulations were performed at 500 K to improve the dynamics and equilibration of the simulated systems. Nonetheless, comparisons between the main structural features of systems simulated at 500K figure 7 ). The structural analysis has focused on the low-q region of the S(q) functions (0.2 < q/Å -1 < 1.8). In that range most ionic liquids feature three peaks, the CP, COP and PNPP, as described above. These can be compared to the SAXS data presented above, with which they are in excellent agreement, giving confidence in the robustness of the computational methodology. In addition, the MD trajectories can be analyzed to provide a more detailed understanding of the aggregation and structural characteristics of the ILs under study (discussed in detail below).
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Thus, it is possible to make a comparison between the IL mixtures and pure ILs simulated at the two temperatures.
It was shown in previous work 57, 131 that the volumetric behavior of IL mixtures is additive and almost ideal: that means that at a given temperature, the volume occupied by an ion in an ionic liquid is almost constant, regardless of the counter-ion. Indeed, the fact that densities only deviate very slightly from ideal mixing behavior in the system under study here (figure 4) suggests that this is predominantly by the longest chains present in the systems, since these dictate the length scale of the non-polar network. Thus, in structural terms, the mixtures do not behave as though they were single components with a chain length that is an average determined by composition. The MD trajectories were analyzed carefully to establish the different aggregation patterns that are possible within the non-polar domains that constitute the different systems. [120] [121] Figure 8 shows the tail-tail aggregation distributions in the mixtures. In this figure, the probability of finding a chain belonging to an aggregate of a particular size is given on the y-axis, and the aggregate size is given on the x-axis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 present in the mixtures, respectively. The numbers and arrows in the text correspond to out-of-thescale values, e.g. in 7a P(n a =1) = 68% i.e. 68% of the C12 chains are isolated; P(n a =2) = 21% i.e. 21%
of the C12 chains form "C12 dimers"; P(n a =3) = 8% i.e. 8% of the C12 chains form "C12 trimers".
The 
RAS-LIF experiments
As in our previous work on IL surface structure, 83 
details). RAS-LIF is a very surface-
sensitive technique that aims to detect selectively the abstractable hydrogen atoms exposed at the surface of an IL by reaction with gas-phase O( 3 P) atoms. 83, 137 This produces OH radicals that scatter back into the gas phase, where they are detected by laser-induced fluorescence (LIF). The translational energy distribution of the incident O( 3 P) atoms is such that a significant fraction of the O( 3 P) atoms are capable of abstracting an H atom from weaker, 2° C-H bonds, but not from stronger C-H bonds. 83, 136 Consequently, the detection of CH 2 groups in the alkyl chains is strongly favored over other types of H, including those in the CH 3 groups or attached to the imidazolium ring. Thus, interfacial reactivity observed in a RAS-LIF experiment is a quantitative measure of the accessibility of these CH 2 groups at the surface.
The rotational distributions of the OH products were characterized by recording LIF excitation spectra at a fixed delay between the photolysis and probe laser pulses in order to confirm that the distributions did not vary materially across the range of mixtures. This was indeed the case as described in detail in the ESI. The LIF intensity of a single transition could, therefore, be taken to be representative of the total number density of OH scattered from the surface.
Appearance profiles (the LIF intensity as a function of delay between photolysis and probe lasers) were measured on the most intense line in the spectrum corresponding to the Q 1 (1) transition.
Details of the procedure and the correction for minor background signals are given in the ESI. The resulting profiles for the pure ILs, selected mixtures and the squalane reference are presented in figure   11 . Consistent with our previous results, 83 Each profile is an average of three independent sets of ten profiles each as described in the text. Error bars are 1σ standard error of the mean.
Relative values of reactivity were obtained from the appearance profiles by performing a density-to-flux transformation and integrating the resulting flux profiles between 0 and 30 µs, as described previously. 83 The resulting values are tabulated in the ESI (Table S5) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reactivity is higher than the stoichiometric result across almost the full range. However, some care is needed here; it is questionable whether mole fraction is an unbiased independent variable against which to measure stoichiometric surface occupancy, simply because it does not recognize the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 mole fraction approaches 0.5 when the bulk mole fraction (approximated from the total system ion count) is ~0.16. Therefore, the C12 cation has a higher preference for the vacuum-liquid interface than the C2 cation. This observation is consistent with other studies of ionic liquid mixtures where, in general, larger ions are more surface active. 67, 86, [91] [92] Comparing the excess OH yield from RAS-LIF experiments with the excess surface 2° hydrogen density from ASA analysis of MD simulations, excellent agreement is observed in the shape of the excess curve, the peak excess location, and the peak excess value (see figure 14c) . Small modifications to the ASA parameters used to identify vacuum-accessible atoms do not change the peak excess position and only introduce small changes to the shape of the excess curve and the peak excess value. There are a number of possible technical reasons for the remaining small deviation between experiment including the simulation size and various limitations associated with the forcefield description of the liquid. However, the level of agreement is particularly striking because we reiterate that the correlation being drawn is between the RAS-LIF OH yield and the static vacuum-liquid interface composition as measured by a probe particle in the ASA analysis. This particle is not constrained to approach the surface only along trajectories that would lead to reaction of the corresponding O( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 has been gained using a range of complementary techniques. This understanding allows a proposal to be made as to why the physical properties of this system change as they do with changing composition, and importantly to speculate on why some properties in this system deviate more strongly from ideal behavior than others.
Four key observations on the bulk properties in particular require explanation and they are considered in the discussion that follows:
1) The onset of significant deviation from ideal bulk physical property behavior occurs at around 24
2) Viscosity data deviate more significantly from ideal mixing behavior than conductivity data, whereas densities show only small deviations from ideal behavior.
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The fact that viscosity is the property that deviates most from ideal behavior in this system could be linked to the reorganization of the longer-range ordering of the non-polar sub-phase that is required in response to a shearing force. This may provide an additional resistance to flow alongside local interionic interactions in the polar network. Recent work has suggested that network structures, albeit based on rather different intermolecular interactions, formed in molten-salt mixtures also contribute to higher than expected viscosities. [143] [144] In these cases MD simulations using polarizable force fields, which capture the dynamics of the systems more accurately, have shown that viscous 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 35
The corresponding changes taking place at the surface of the mixtures as the composition is varied are now considered. Contrary to previous reports based on ARXPS measurements, 90 This is consistent with a primarily entropic, colligative effect, where the C2 chains distribute statistically amongst highly aggregated C12 chains at both the surface and in the bulk. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 larger aggregates of C12 alkyl chains are present in the liquid, which coalesce with increasing x to form a continuous non-polar sub-phase by x = 0.52 and it is proposed that increased chain-chain interactions in these larger aggregates are linked to the observed deviations in viscosities and conductivities. The length scales measured by scattering studies demonstrate that these IL mixtures are structurally distinct from pure ILs with which they share similar non-polar volume fractions. In the systems studied, the length scale of local bilayer structure in the liquids is clearly related to the length of the longest alkyl chain in the IL. However, the appearance of the PNPP in SAXS and SANS studies and the progression from small non-polar alkyl-chain aggregates to a continuous non-polar sub-phase in MD simulations do show some correlation with the non-polar volume fraction of both the pure ILs and mixtures. To sum up, there are some similarities and some differences between the IL mixtures investigated here and related pure ILs, but it is clear that they are a distinct system. The observations reported here are exciting, as they show that a range of structural and physical properties, both in the bulk and at the surface, can be controlled simply by the composition of an IL mixture, rather than by synthesizing a large number of pure ILs. The detailed understanding that this work brings promises to allow the rational selection of specific surface or bulk structure/properties in 
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Full experimental and computational details are given in the supplementary information.
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